Capsular development and soybean lectin binding properties of Rhizobium japnicum 31 1 B110 were examined by the glutaraldehyde/ruthenium red/uranyl acetate method permitting observation of whole bacteria and their polar capsules by transmission electron microscopy. Ultrastructurally, the polar capsule consisted of (i) an electron-dense aggregated material in close contact with the cell surface which stained with ruthenium red and intensively bound soybean lectin, and (ii) a less electron-dense fibrillar material at the periphery of the capsule which stained with ruthenium red but did not bind soybean lectin. The latter material interconnected with the aggregated capsular material at the cell surface. As the culture advanced into stationary phase, these acidic capsular materials were shed into the culture medium where they kept their respective lectin-binding activity. The cells correspondingly decreased in their lectin-binding activity and encapsulation with culture age. However, the remaining encapsulated cells in late stationary phase were still able to bind the lectin in a hapten-specific way.
INTRODUCTION
According to the lectin-recognition hypothesis (Bohlool& Schmidt, 1974) , the specificity in a Rhizobium-legume symbiosis involves the interaction between host lectins and bacterial polysaccharides. Soybean lectin (SBL) binds specifically to the majority of R. japnicum strains grown in broth (Bal et al., 1978; Bhuvaneswari & Bauer, 1978; Bhuvaneswari et al., 1977; Bohlool8r Schmidt, 1974; Kamberger, 1979; Shantharam et af., 1980; Stacey et af., 1980; Tsien & Schmidt, 1981) -but also binds to several heterologous strains of the cowpea miscellany group (Bhuvancswari & Bauer, 1978; Brethauer & Paxton, 1977; Pueppke et al., 1980) . Transmission and scanning electron microscopy suggested that R. japonicum interacted specifically with root hairs of its soybean host through SBL-binding surface polysaccharides (Bal et al., 1978; Stacey et af., 1980) . Polysaccharide receptors for SBL have been described as 0-antigen-containing l i p polysaccharides (Wolpert 8r Albersheim, 1976) , capsular polysaccharides (Bal et al., 1978 ; Mort & Bauer, 1980; Tsien &Schmidt, 1980 , and exocellular diffusible material (Bhuvaneswari et al., 1977; Brethauer & Paxton, 1977; Kamberger, 1979; Mort & Bauer, 1980 , 1982 Pueppke et al., 1980; Tsien & Schmidt, 1980 . The degree of binding of SBL to R. jupnicurn also varied among strains (Bhuvaneswari & Bauer, 1978 Briefly, this involved deposition of 3 pl of an uncentrifuged bacterial suspension onto a carbon-coated Formvar grid, adsorption of the cells for 3 min, and subsequent removal of the freestanding suspension by blotting with filter paper. Adsorbed cells were stained with a mixture of glutaraldehydt and ruthenium red, and then contrasted with uranyl acetate. In some cases, 3 pl broth culture was deposited on grids and evaporated at room temperature before staining. Grids were then examined by TEM with a Hitachi H600 electron microscope at 75 kV.
To localize anionic sites by cationized ferritin, the labelling procedure described by Schrcvel er ul. (1981) was adapted to study whole bacteria. Equal volumes of bacterial broth culture and 0.5% (v/v) glutaraldehydc in 0.2 Msodium cacodylatc buffer (PH 7.2) were mixed. Two pl of this mixed solution was deposited on a Formvaruiated grid and gently dried under a stream of sterile air. The dried grid was floatad on a drop of sterile cationized ferritin (85 pg ml-l) in sodium veronal buffer (0.1 Y, pH 7.2). After incubation for 1 min, the remaining solution was blotted with filter paper. Non-spccific binding of cationized ferritin was removed by five washes of Verona1 buffer for 10 min each without blotting between each wash. After the last rinse, the grid was blotted with filter paper and completely dried under sterile air. Controls were incubated with a sterile solution of native femtin (Sigma) under the same conditions.
To localize SBL-binding sites, bacteria adsorbed to grids were treated under sterile conditions at mom temperature with SBL-dloidal gold for 10 min in a humid chamber. After blotting of€ the exmu SBL-gold, the adsorbed cells were washed with PBS for 10 min and finally stained by the G/RR/UA method. Other grids were incubated with SBL-gold and then washed three times with PBS without staining by G/RR/UA. For controls. bacteria on grids were incubated with the same stock of unconjugated colloidal gold or with a lentil Icctin-gold complex prepared as described above. Cells were then stained by the C/RR/UA method.
To study hapten reversibility of lectin binding. cells on grids which had been treated with lectin-gold complexes were incubated for 3 min in humid air at room temperature with 10,ZS and 50 mM solutions of either N-acetyl-m galactosamine (Lis er ol., 1970). N-acetyl-o-glucosamine or t-deoxy-u-glucosc. Afterwards, cells were stained by the G/RR/UA method.
To examine bacterial agglutination, 5p1 of a broth culture were incubated with 5pl SBL-gold in sterile conditions at room temperature. After 15 min, 2 pI of the mixture were deposited on Formvarcoated grids. blotted, and the cells stained by the GIRRIUA method. Controls included bacteria treated with PBS or uncoupled colloidal gold in place of SBL-gold, followed by staining by the G/RR/WA method.
RESULTS
The morphology and size of the capsule on R. juponicum 311B110 changed gradually with culture age. In early exponential phase, the capsule began to develop at one cell pole as a very compact structure which became electron-dense following ruthenium red staining (Fig. 1 a, b) . At rnid-exponential phase, the capsule was a well-developed structure and extended as far as 3 pm from the cell wall ( Fig. 1 c, d ). In late exponential and early stationary phases, the capsule had lessdefined borders and dispersed into the culture medium, showing a typical 'radiating' appearance on the Formvar surface (Fig. le,f) . The shedding of polymers in stationary phase was accompanied by a progressive decrease of capsule size. However, capsules were still detected at one pole of some cells after 16 d incubation. At all growth phases, the capsule was exclusively located at one cell pole regardless of how the cells were treated on the grids, i.e. after blotting with filter paper or drying with a gentle stream of air. This result indicated that blotting the specimen on the grid did not affect the distribution of capsular material associated with the cells.
In early exponential phase, the capsule was composed of aggregated, electron-dense and ruthenium red-positive material in close contact with the cell surface (Fig. 16) . In older cultures, this aggregated material extended further out from the pole and was interconnected with an ultrastructurally different fibrillar material which also reacted with ruthenium red (Fig. 1 d) . The acidic nature of these two polymers, as suggested by their affinity for ruthenium red (Fig. 1 b-f) , was confirmed at all growth phases by the extensive binding of cationic ferritin to the polar capsule (Fig. 2a, b) .
During early exponential phase, the uncentrifuged cell-free culture medium was typically devoid of electron-dense material (Fig. 1 a) . Beginning in mid-exponential phase, extracellular amorphous aggregates and loose fibrils were found concurrently with the dispersion of the capsule (Fig. 1 e, n. These extracellular materials resembled the polymers of the capsule and were particularly abundant in the medium of stationary phase cultures.
The percentage of polarly encapsulated cells changed with culture age (Fig. 3) . The highest percentage (68%) of encapsulated cells as exemplified in Fig. 1 (b, d ) occurred at day 3 in an exponential phase which lasted from day 2 to day 5 . Later, this percentage declined to 20% at day 12 in late stationary phase (Fig. 3) .
Low-speed centrifugation (3000g for 30 min) separated broth cultures into a hard pellet, an overlying soft pellet and a clear supernatant. The volume of these three fractions changed with culture age. Examination of these fractions by the G/RR/UA method revealed that the hard pellet contained predominantly non-encapsulated cells (Fig. 4a) , the soft pellet contained predominantly polarly encapsulated cells (Fig. 4b) , and the supernatant contained both capsular polymers which were more abundant in older cultures (Fig. 4 4 . The polar aggregated material on uncentrifuged cells in early exponential phase intensively bound SBL-colloidal gold (Fig. 5a) . Later, in mid-and late exponential phases, SBL receptors exclusively matched the location of the enlarged polar capsule (Fig. 5b) . However, the SBLcolloidal gold did not bind to the naked cell surface, the flagellum, or the fibrillar material of the outer capsule, regardless of the growth phase (Fig. 5a-c) .
As the percentage of encapsulation decreased with culture age (Fig. 3) , there was a progressive increase of SBL-binding material in the surrounding medium, indicating that shedding had occurred (Fig. 5c, d) . Consistent with the above results, the cell-free SBL receptors were associated with the aggregated rather than the fibrillar type polymer (Fig. 5e) . Several controls established the biochemical specificity of the interaction of SBL-colloidal gold with the cell-bound and cell-free aggregated polymer. N-Acctyl-Pgalactosaminc, a specific hapten of SBL, reversed the interaction at a concentration of 10 mbi (Fig. 6a, b) . No hapten reversal was obtained with the non-inhibitory analogues N-acetyl-Dglucosamine or 2-deoxy-~-glucose at even 50 m~ (Fig. 6c) . Uncoupled colloidal gold or lentil lectin-gold complex did not bind to the bacteria or extracellular materials (figures not shown). Cells incubated with SBLcolloidal gold without further treatment had lectin bound predominantly to one pole, presumably where the aggregated polymers of the capsule were located (Fig. 7a, b) . The few SBL-gold particles on the opposite pole of the cell (Fig. 70) were easily removed by subsequent washing with PBS or treatment by the G/RR/UA method, indicating that they were not bound to the cell surface in a biochemically specific manner. This control also indicated that treatment of cells by the G/RR/UA method did not redistribute the SBL-binding receptors on the capsule. The same treatment showed that the cell-free aggregated polymer, but not the cell-free fibrillar polymer, was able to bind the SBL-gold complex (Fig. 7c) .
CopsUre development in Rhizobium japonicum
The percentage of cells which bound SBL was maximal at day 3 and then progressively decreased during growth (Fig. 3) . At each growth phase, the percentage of SBL-binding cells changed in parallel with the percentage of encapsulated cells (Fig. 3) . Encapsulated cells in late stationary phase (up to day 16) were still able to bind SBL in a hapten-reversible way (Fig. 8) .
Consistent with previous studies (Truchet ef al., 1983) . the G/RR/UA method revealed that R. japnicum could be agglutinated by SBL-gold (Fig. 9) . Bacteria incubated with PBS or uncoupled colloidal gold did not agglutinate (figures not shown).
DISCUSSION
The G/RR/UA method has been applied here to study the capsule development and the lectin-binding properties of R. jupnicum 311 91 10. The capsule of this slow-growing strain developed at one pole and remained exclusively at this cellular location regardless of the phase of growth. Ultrastructurally, it consisted of two materials which stained with ruthenium red and bound cationic ferritin, but differed in electron density, morphology, location within the capsule, and reactivity with soybean lectin. The electron-dense aggregated material bound SBL Capsule deceluprnent in Rhizobium japnicum 3043 Tsien & Schmidt, 1977) , and the 'very high molecular weight form' of the capsule which was isolated by ultracentrifugation at 1OOOOOg (Tsien & Schmidt, 1981) . In contrast, the fibrillar material which did not bind SBL-gold was probably lost during specimen preparation in other studies as suspected (Tsien & Schmidt, 1981) . Both of these capsular polymers were shed into the culture medium as the culture aged and retained their differential hapten-specific reactivity with , 1980) may be due to the orientation of the thin-section which did not encompass the entire length of the cell or to a redistribution of capsular materials during centrifugation or other steps of specimen preparation. This hypothesis was supported by the observation that cells from 9-day-old uncentrifuged cultures had polar capsules when examined by the G/RR/UA method but were unencapsulated when processed for thin-sectioning (figure not shown), Schmidt, 1981) . In addition, the results confirmed that the percentage of cell encapsulation and SBL-binding ability of broth cultures reached their maxima in mid-exponential phase and both declined thereafter. Thus, the overall agreement of our results with previous studies attested to the validity of this new method. Its main advantage in comparison with others is that it optimizes the relationship of encapsulation and binding of lectin with a minimum of loss due to specimen handling. This was illustrated by the failure of , 1983) to detect encapsulated cells of R. japonicum 311B110 in late stationary phase which were still able to bind SBL specifically. This positive result obtained by the G/RR/UA method was not an artifact created by deposition of extracellular material on the grid since its location was exclusively polar rather than random on cells. The complication of accumulated extracellular material obscuring the
